Objective: To evaluate the clinical and economic impact of adopting noninvasive prenatal testing (NIPT) using circulating cell-free DNA as a first-line screening method for trisomy 21, 18, and 13 in the general pregnancy population. Methods: A decision-analytical model was developed to assess the impact of adopting NIPT as a primary screening test compared to conventional screening methods. The model takes the Belgium perspective and includes only the direct medical cost of screening, diagnosis, and procedure-related complications. NIPT costs are EUR 260. Clinical outcomes and the cost per trisomy detected were assessed. Sensitivity analysis measured the impact of NIPT false-positive rate (FPR) on modelled results. Results: The cost per trisomy detected was EUR 63,016 for conventional screening versus EUR 66,633 for NIPT, with a difference of EUR 3,617. NIPT reduced unnecessary invasive tests by 94.8%, decreased procedure-related miscarriages by 90.8%, and increased trisomies detected by 29.1%. Increasing the FPR of NIPT (from < 0.01 to 1.0%) increased the average number of invasive procedures required to diagnose a trisomy from 2.2 to 4.5, respectively. Conclusion: NIPT first-line screening at a reasonable cost is costeffective and provides better clinical outcomes. However, modelled results are dependent on the adoption of an NIPT with a low FPR.
Introduction
Prenatal screening for trisomy 21 (Down syndrome, T21), trisomy 18 (Edwards syndrome, T18), and trisomy 13 (Patau syndrome, T13) is routinely offered to pregnant women in most European countries. The most frequently used approach is first-trimester screening (FTS), which combines nuchal translucency (NT) ultrasound measurement and maternal serum testing to assess the levels of human chorionic gonadotropin (hCG) and pregnancyassociated plasma protein A in combination with age and medical history [1, 2] . The triple test (hCG, alpha-fetoprotein, and unconjugated estriol) is used to screen women presenting in the second trimester [3] .
Conventional screening methods have significant limitations, resulting in missed identification of trisomies and a need for invasive testing which can lead to adverse events such as miscarriages. In Belgium, the observed overall performance of the conventional FTS program varies from 70% > 90% sensitivity, with a 5% false-positive rate (FPR) [4] .
In recent years, highly sensitive and specific noninvasive prenatal testing (NIPT) has become available. NIPT uses cell-free DNA from maternal plasma, which is a highly effective method of screening for Down syndrome and other autosomal trisomies [5] . There is strong clinical evidence supporting the use of NIPT in the general population [6] [7] [8] [9] , and major scientific societies have recently published guidelines supporting the use of NIPT as a first-line test in all pregnant women [10] [11] [12] . Health technology assessments and governmental bodies worldwide have found that NIPT is significantly more sensitive and specific than conventional screening methods and that providing NIPT screening to the general pregnancy population would be clinically superior to its second-line use following a positive conventional screening result [13] [14] [15] [16] . As a result, NIPT primary screening for all pregnant women was approved for reimbursement in Belgium starting on July 1, 2017 [16] .
However, healthcare authorities in other countries still have concerns about the budget impact of implementing NIPT as a primary screening test. Economic analysis is needed to evaluate the financial impact of NIPT implementation in the public health system for the general pregnancy population. This study evaluates the potential clinical and economic consequences of adopting NIPT testing (Harmony ® prenatal test, Roche) for T21, T18, and T13 in the general pregnancy population, using Belgium as a case study.
Methods

Using Microsoft Excel
® 2010 (Microsoft Corp., Redmond, WA, USA), we developed a decision-analytical model to compare various prenatal screening approaches for a hypothetical population of women with pregnancies reaching a gestational age of 10 weeks. Although NIPT has been validated in twin pregnancies [17] , the model included only singleton pregnancies due to limited data to enable the inclusion of twin pregnancies. Women presenting for aneuploidy screening were followed over the screening period, with costs of screening, diagnosis, and associated adverse events reported from the public health system perspective. Costs outside of the screening period (e.g., cost of trisomic births) were not included in the model.
The model consisted of two scenarios. Scenario 1 was conventional screening. All women who presented for screening received either FTS with NT ultrasound plus maternal serum screening of pregnancy-associated plasma protein A and hCG or second-trimester screening (STS) with maternal serum screening of alphafetoprotein, β-hCG, and unconjugated estriol, also known as the triple test. Second-trimester ultrasound was excluded from the model since it would occur independent of any previous screening tests and would not be eliminated from screening algorithms if NIPT was adopted. Scenario 2 was primary NIPT screening with NIPT as a first-line screening test. Patient flow diagrams for both scenarios are provided in Figure 1 .
The model assumes a screening uptake rate of 78.87%, with 78.10% of those receiving FTS only and 21.90% receiving STS only [4] . No women received both FTS and STS in the model. In realworld practice, there may exist a cohort of women receiving both FTS and STS, but published data are not available to quantify this cohort in Belgium.
In the conventional screening scenario, a small percentage (1%) of pregnant women were assumed to go directly to invasive testing in place of screening either because it provides more certainty or based solely on age [4] . Women who presented for screening in the first trimester received FTS. Women presenting in the second trimester received STS with the triple test. The high-risk cutoff for conventional screening was assumed to be 1: 300, a risk cutoff that is commonly used for FTS and was previously the practice in Belgium. Screening-positive women -those screening highrisk on either the FTS or STS -received an additional physician visit and were referred to invasive testing using either chorionic villus sampling or amniocentesis. A portion (12.5%) of screeningpositive women indicated for invasive testing will opt to decline further screening. Women who receive invasive testing are at risk of procedure-related complications including miscarriage, leakage of amniotic fluid, and rare complications such as infection, prolonged rupture, feto-maternal hemorrhage, Rhesus alloimmunization, and fetal injury.
In the primary NIPT screening scenario, NIPT was used firstline as a replacement for FTS and STS for all pregnant women presenting for screening. Women who would have opted to go directly to invasive testing in the conventional screening scenario were assumed to receive NIPT instead. The result of NIPT indicates high or low probability of aneuploidy or, in some cases, "no result." NIPT "no result" outcomes are typically due to insufficient fetal fraction or high variance in cell-free DNA counts [6] . Women with a "no result" outcome -3% of the NIPT tests in the modelreceived repeat NIPT. Those with a second "no result" outcome, accounting for 37% of repeat NIPT, were referred to either conventional screening with serum markers or invasive testing. Women at high probability of aneuploidy after NIPT received an additional physician visit and were referred to invasive testing (chorionic villus sampling or amniocentesis), with a portion (12.5%) opting to forego further screening. Women with a low probability of aneuploidy exited the model. Women who received invasive testing are at risk of procedure-related complications. 
Model Inputs
Data to support population assumptions were derived from published sources and European Union (Eurostat) databases. Epidemiology, clinical practice, and test performance were sourced from the published literature. Aneuploidy incidence rates were calculated by taking the geometric mean, weighted by the population's age distribution [18] . Only the direct costs associated with screening, diagnosis, and associated adverse events were included in the model. Cost assumptions were primarily derived from the Belgian reimbursement tariffs [19] and the Belgium Health Care Knowledge Center NIPT health economic report [4] . Costs are expressed in 2018 EUR. Given the short-term focus of the analysis, costs were not discounted. Base case model inputs and uncertainty ranges can be found in Tables 1-3 .
Model Validation and Evaluating Uncertainty
Four European experts in prenatal screening reviewed the model's clinical validity. The modelled results were compared to published trisomy screening models. The calculated number of invasive procedures was compared to the actual reported number of invasive procedures in Belgium. The background incidence of T21 calculated by the model was compared to estimated rates of T21 in an unscreened Belgium population. A one-way sensitivity analysis examined the impact of all model inputs on the resulting difference in cost per trisomy detected to account for the level of uncertainty associated with the input. Inputs were varied across their plausible ranges while holding other inputs constant at their base case value. The ranges used in the sensitivity analysis are based on the literature or by ±20% in cases where data were not available (Tables 1-3) .
While sensitivity is comparable among most NIPTs (> 99%), the FPR can differ significantly, ranging from < 0.1 to 1.0% [5, 25, 26] . To determine the impact of the variation in FPR on model results, a scenario analysis was performed. The FPR was adjusted based on reported ranges of NIPT, while all other inputs were held constant at the base case values.
Results
Based on an estimated annual pregnancy volume of 131,567 pregnancies reaching 10 weeks of gestation and a prenatal screening uptake rate of 78.87%, 101,899 pregnant women were screened for T21, T18, and T13 in both scenarios of the model. Of these, 79,586 women presented in the first trimester and 22,313 in the second trimester.
In the conventional screening scenario, (Fig. 2) . Clinical and cost-effectiveness outcomes are presented in Table 4 and Figure 2 , respectively. In the primary NIPT screening scenario, all screened women received an NIPT test, 79,586 in the first trimester and 22,313 in the second trimester. Of the women receiving a second NIPT "no result," 792 women received either a FTS or STS follow-up screen and 339 women received an invasive test. A total of 523 (0.5%) women screened positive, with 458 (87.5%) going on to receive invasive testing. In total, 797 women received invasive testing, with 437 (54.9%) invasive tests being avoidable due to a false-positive or no result. The average risk of procedurerelated miscarriages was 0.0039% (4/101,899), and that of other procedure-related complications was 0.0157% (16/101,899) in the screened population. The reduction in procedure-related risk was a direct result of less invasive procedures being performed in the NIPT primary screening scenario and not related to the risk per procedure, which was assumed to be the same between scenarios. NIPT primary screening detected 99% of trisomies 21, 18, and 13, missing 5 trisomies. On average, 2.2 invasive tests were required to detect one trisomy at a cost of EUR 66,633 per all three trisomies detected and EUR 93,412 per T21 detected.
Compared to the conventional screening scenario, the primary NIPT screening scenario demonstrated efficient and more effective screening, reducing the number of invasive tests required to detect a trisomy by 92.8%, from 30.8 to 2.2, while improving the overall detection rate (from 81 to 99%) and reducing missed trisomies (from 77 to 5%). As a result, NIPT reduced the risk of procedurerelated complications by 90.8%, avoiding an estimated 40 procedure-related miscarriages annually. At a cost of EUR 260 for the NIPT test, the difference in cost per trisomy diagnosed was estimated to be EUR 3,617 per trisomy diagnosed (Fig. 2) .
Validation and Uncertainty Analysis Results
The model's predicted volume of invasive tests for the conventional screening scenario of 8,709 aligns with the 7,586 invasive tests reported in Belgium for 2011 [4] . Ad- ditionally, the model's incidence of T21 is 293, which compares favorably with the estimated 224 T21 births without screening in Belgium, based on 2012 figures [4] . The modelled positive predictive value (PPV) for the conventional screening scenario was 3.2% 1 compared to 78.6% 2 for the NIPT primary screening scenario. This is comparable to the PPVs of 3.4% for standard screening and 80.9% for NIPT screening reported by Norton et al. [6] . Uncertainty in the test performance of conventional FTS and STS had the greatest impact on the difference in cost per trisomy detected. An extreme case analysis was conducted assuming the best and worst possible screening performances for the conventional screening scenario. The difference in cost per trisomy detected ranged from cost savings of EUR 51,723 for NIPT compared to conventional screening at the lowest plausible test performance to an added cost of EUR 23,911 for NIPT compared to conventional screening at the highest plausible test performance across both FTS and STS for all trisomies. The tornado plot (Fig. 3) provides the results of the most influential inputs, their associated uncertainty range, and the outcome for the difference in cost per trisomy detected.
Scenario Analysis
A scenario analysis was performed to determine the impact of different FPRs on the cost and clinical outcomes in the model (Table 5 ). The analysis showed that, within the plausible range of FPRs, the number of invasive tests required for every diagnosed trisomy increased from 2.2 in the base case to 3.7 at the highest FPR. This resulted in an increase in cost, from a base cost of EUR 3,617 to EUR 5,808 at the highest plausible FPR, as well as an increase in the incidence of procedure-related complications.
For the base case, the model assumed that the uptake of invasive testing following a positive screen was the same for all screening modalities. However, due to the improved test performance of NIPT, more women may choose to proceed to invasive testing following a positive NIPT result. A scenario analysis was performed to look at The PPV of the conventional screening algorithm was calculated based on 318 detected trisomies divided by 8,788 women screened positive plus 1,109 women going directly to invasive testing. the relationship between the uptake of invasive testing following a positive NIPT and the cost per trisomy detected. The analysis showed a positive linear relationship with a slope of 9.58. Thus, for every percent increase in women proceeding to invasive testing following a positive NIPT result, the incremental cost per trisomy detected increased by EUR 9.58. Additionally, the model assumed that women previously proceeding to invasive testing without a prior screen -1% of the screened population in the FTS scenario -will instead opt for NIPT due to improved test performance and added certainty. However, there are clinical situations where NIPT may not be chosen or even offered and women will go directly to invasive testing. Assuming a similar percentage (1%) of women receiving invasive testing prior to screening in the NIPT scenario, the resulting cost per trisomy detected was EUR 66,633 for an incremental cost per trisomy detected of EUR 6,160 (Fig. 3) .
Discussion
There is an unmet need for a more accurate screening approach due to missed trisomies, high numbers of avoidable invasive tests, and resulting complications associated with conventional screening. By means of a case study of Belgium, which recently approved and funded NIPT as a first-line screening protocol, this analysis demonstrated that introducing NIPT for the general population is a cost-effective screening approach for public health systems. At a cost of EUR 260 per NIPT, effectiveness gains and reductions in adverse events come at a reasonable increase in cost. When NIPT is used as first-line screening in all pregnant women, the clinical benefits include very few unnecessary invasive tests, reduced false-positive results, more trisomies detected as early as at 10 weeks of gestation, and fewer missed trisomy diagnoses.
The results of our study also highlight the need to consider the variability in FPRs reported for different NIPTs. The FPR has a substantial impact on clinical management and, consequently, on costs. NIPTs with higher FPRs reduce efficiency, requiring more invasive tests to detect one trisomy. Higher invasive procedures result in higher costs as well as adverse events such as procedure-related miscarriages. Therefore, selection of the NIPT with the lowest FPR will ensure the cost-effectiveness of this screening approach.
One other study has estimated the impact of NIPT primary screening in Belgium. A 2014 analysis reported by Neyt et al. [1] and Hulstaert et al. [4] estimated the cost consequence of introducing NIPT for the detection of T21 in Belgium. The analysis concluded that the appropriate use of NIPT clearly improved the risk-benefit ratio of prenatal screening and that first-line use was clinically preferable to second-line use, but that it increased the cost per T21 detected. The study estimated a conventional screening cost and NIPT primary screening cost of EUR 86,944 and EUR 236,436 per T21, respectively.
The conventional screening cost was similar in this analysis, which, if limited to T21, was EUR 90,787 per T21 detected. The difference in the cost of NIPT primary screening between the two studies is primarily due the cost of NIPT, which was assumed to be EUR 460 per test in the Neyt et al. [1] study, but is now known to be EUR 260. There are also structural differences between the two models, such as the inclusion of trisomies 18 and 13 and the lower performance of STS, resulting in a higher FPR for conventional screening. Additionally, Neyt et al. [1] assumed the cost of first-trimester ultrasound with NT measurement within the NIPT screening scenario while the current model assumed that NIPT will replace FTS for aneuploidy screening, thus excluding the cost of the NT ultrasound.
The first-trimester ultrasound is performed for a wide range of purposes, including but not limited to NT measure, fetal viability, dating of pregnancy, and to detect major malformations (e.g., acrania or megacystis) and the number of fetuses, and will continue in clinical practice regardless of aneuploidy screening method. The analysis assumed that for trisomy screening with first-line NIPT, NT measurement would not be needed [27] . While firsttrimester ultrasound will be performed for other reasons, its costs will not be part of trisomy screening. A scenario analysis was run to assess the cost of adding the first-trimester ultrasound without the NT to the primary NIPT scenario and resulted in a cost of EUR 75,482 per all three trisomies detected and a cost of EUR 105,817 for T21 detected. However, there is no additional clinical benefit for detection of trisomies when the ultrasound is included.
Several other studies have estimated the economic impact of NIPT first-line testing in prenatal screening programs. In the Netherlands, Beulen et al. [28] developed an economic model to compare the costs and outcomes of current clinical practice using conventional screening compared with NIPT first-line and second-line screening. At a cost of EUR 254 or less, NIPT first-line screening became the dominant approach, resulting in lower cost and improved clinical outcomes. In the US, Benn et al.'s [11] analysis of NIPT as a first-line test in the general population showed increased T21, T18, and T13 detection and can be economically justified at a break-even cost of USD 744. Fairbrother et al. [29] conducted a cost-effectiveness analysis of NIPT in the general population versus FTS, assuming a societal perspective inclusive of both direct and indirect costs and inclusive of T21, T18, and T13. The study found that at a cost below USD 453 there was cost saving and that a cost of USD 665 provided the same cost per trisomy detected as FTS. Similarly, an analysis by Walker et al. [30] reported a societal perspective breakeven cost of USD 619, with first-line NIPT for all women the dominant approach. These analyses support the findings from the current study showing improved clinical performance at a reasonable cost per trisomy detected.
Despite the evidence supporting NIPT first-line screening as cost-effective, other published studies have found that the improved clinical benefits of NIPT first-line screening are too costly [31, 32] . The assumed cost of NIPT has a significant impact on cost-effectiveness analyses. The cost of NIPT tended to be higher in prior published studies than reported in this study. The actual cost of NIPT has decreased significantly since its launch and is more in line with the reported cost in the current study, which represents the actual cost to Belgium's National Health Service. Additionally, published studies differ in the screening algorithms being compared as well as in the inclusion of T18 and T13, which are rarely considered.
This analysis uses Belgium's National Health Service as a case study due to their decision to cover NIPT as a primary screening modality and the availability of detailed data that informed that decision and the inputs for this model. However, we realize that clinical practice can vary greatly across countries, which makes the results of this analysis difficult to generalize. We attempted to address some of these variations in order to allow more generalizability of the study results. In Belgium, the uptake of prenatal screening is nearly 80%. However, the uptake of screening across European countries ranges from as low as 30% in the Netherlands to 95% in Denmark [33] . While variation in screening uptake will impact the number of trisomies detected and the number of procedure-related complications, it does not impact the primary model outcomes, i.e., cost per trisomy detected or detection rate. Due to a lack of quality control, Belgium has wide variation in the performance of NT and FTS. However, this analysis does not use Belgium-specific test performance, but instead relies on a large randomized controlled trial and meta-analysis to inform test performance across all screening modalities. Additionally, the sensitivity analysis performed an extreme case analysis, given the wide range of likely performance reported in the literature. Additionally in Belgium, approximately 22% of pregnant women who presented during the second trimester and prior to the approval of NIPT received STS, which tends to have poorer test performance than FTS. However, in other countries STS is used primarily as a residual test, with most women presenting in the first trimester. Assuming that all women receive FTS, the model resulted in an increase in the cost per trisomy detected of EUR 4,074 versus baseline results of EUR 3,617.
A key limitation of this analysis is the conservative timeframe, limiting the analysis to the short-term cost of screening and diagnosis, which allows for greater predictability of results, but does not account for the costs over the lifetime of a child born with a trisomy. However, screening programs aim to facilitate informed reproductive choice rather than to prevent costs associated with trisomy live births. Therefore, we decided to base this analysis on the cost of screening and diagnosis rather than the long-term decisions and associated costs. Other studies have shown that the inclusion of long-term costs would be expected to improve the cost-effectiveness of NIPT [29, 30] . Another limitation is the uncertainty of test performance for conventional screening for T18 and T13. There is wide variation in the literature given the rare occurrence of these conditions. The uncertainty is addressed by using the best available data from a metaanalysis and conducting a sensitivity analysis based on the best-and worst-case scenarios for testing performance. Due to a lack of data, T18 and T13 are frequently excluded from published models. Therefore, we added the cost per T21 detection for comparative purposes. However, this analysis does not accurately reflect a NIPT testing offering T21 only as both the cost and resources used may differ from the current analysis. The study is further limited by virtue of being a hypothetical model with a theoretical cohort of pregnant women. Assumptions made within the model may not perfectly align with actual realworld circumstances.
Conclusion
NIPT at the appropriate cost is a cost-effective firstline screening strategy for common fetal trisomies in the general pregnancy population. As compared to conventional screening, NIPT primary screening increases overall trisomy detection rates and provides more efficient referral to invasive testing, leading to a reduction in the number of procedure-related miscarriages and other procedure-related complications, at a similar cost per triso-DOI: 10.1159/000491750 my detected. Furthermore, NIPT with a low FPR is essential to achieving the clinical benefits and cost-effectiveness outcomes predicted by this analysis.
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